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	 The	 successful	 fabrication	 and	 characterization	 of	 a	 portable,	 disposable	 single	 walled	
carbon	 nanotube	 biosensor	 used	 for	 the	 detection	 of	 bacteria	 was	 demonstrated	 by	 this	
work.	 The	 Si/SiO2	 based	 SWNT	 growth	 using	 chemical	 vapor	 deposition	 techniques	
successfully	developed	ultra	sensitive	thin	single	walled	carbon	nanotubes.	The	SWNTs	were	
transferred	to	a	portable	disposable	platform,	to	demonstrate	the	commercial	potential	of	a	
SWNT	 biosensor	 that	 is	 capable	 of	 sensing	 bacteria.	 The	 platform	 was	 developed	 to	
understand	the	effects	of	pH	sensing,	followed	by	bacteria	sensing.	The	dominant	mechanism	
of	 sensing	 for	 these	 devices	 with	 respect	 to	 pH	 sensing	 is	 chemical	 doping	 however	 the	
sensing	 mechanism	 for	 bacteria	 detection	 is	 undetermined.	 	 Using	 electrochemical	
impedance	techniques	to	deeply	understand	and	investigate	the	electrochemical	changes	to	
the	surface	of	the	SWNT	sensors,	the	resistance	change	for	pH	sensing	and	bacteria	sensing	
was	concluded.	With	an	 increase	 in	pH	 levels,	 the	 total	 resistance	of	 the	SWNT	sensor	also	
increases.	The	 limit	of	detection	 for	bacteria	 sensing	with	 this	platform	was	105	 cfu/mL.	 It	
was	determined	that	the	charge	transfer	resistance	of	the	SWNT	increases	with	an	antibody	
surface	 immobilization	 and	 then	 further	 increases	with	 the	 addition	 of	 bacteria	 binding	 to	
antibody.	From	bare	electrode	to	antibody	and	then	bacteria,	the	charge	transfer	resistances	
were	774Ω,	1025Ω,	and	1229Ω,	respectively.	The	double	layer	capacitance	for	these	sensors	
indicated	a	different	pattern.	Preliminary	results	 for	concentrations	 lower	 than	105cfu./mL	
suggests	an	 increase	 in	double	 layer	capacitance	with	an	 increase	 in	analyte	concentration.		
Using	SWNTs	as	the	transducing	element	of	chemiresistive	biosensors	allowed	for	a	further	
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From	 the	 diagnosis	 of	 life-threatening	 diseases	 to	 detection	 of	 biological	 agents	 in	
warfare	 of	 terrorist	 attacks,	 biosensors	 are	 becoming	 a	 critical	 part	 of	 modern	 life.1	
Biosensor	short	for	“Biological	Sensor”	is	an	analytical	device	that	has	the	ability	to	convert	a	
biological	 response	 into	 an	 electrical	 response.	 Achieving	 immediate	 detection	 and	
quantification	 at	 sub-nanomolar	 (nM)	 concentrations	 of	 specific	 biomolecules,	 such	 as	
proteins,	nucleic	acids,	and	specifically	pathogens	are	highly	sought	 for	 the	progress	 in	 the	
field	of	analytical	chemistry.	Monitoring	of	low	concentrations	of	pathogens,	allows	for	early	
detection	 of	 very	 harmful	 species	 in	 an	 individual’s	 system.	 Sensors	 capable	 of	 this	 could	
significantly	decrease	the	turnaround	time	required	for	establishment	and	 in	turn	 limit	 the	
amount	of	time	a	pathogen	has	to	reside	and	become	harmful	within	an	individual’s	system.	
Fundamentally,	the	true	early	detection	of	harmful	species	is	of	utmost	importance	as	it	can	
save	 the	 lives	 of	 thousands	 of	 individuals	 around	 the	 world	 whom	 suffer	 from	 diseases	
caused	by	the	intake	of	harmful	pathogens	such	as	Escherichia	coli.	Current	methods	used	for	
the	 detection	 of	 biomolecules	 include	 enzyme-linked	 immunosorbent	 assay	 (ELISA)	 and	
electrophoretic	 immunoassay	 (EIA).	 These	 methods	 require	 long	 incubation	 times,	
complicated	 instrumentation,	 sample	 enrichment	 and	 large	 sample	 volume,	 all	 which	 will	
require	trained	professionals	due	to	complexity.2	With	the	inability	of	true	early	detection	of	
biomolecules	 from	 these	 conventional	 techniques,	 the	 next	 logical	 step	 is	 to	 fabricate	 and	
implement	a	sensitive	and	specific,	real-time	point	of	care	pathogen	detection	device.		
A	 key	 goal	 of	 modern	 science	 is	 to	 monitor	 biomolecular	 interactions	 with	 high	
sensitivity	 in	 real	 time,	 with	 the	 ultimate	 aim	 of	 detecting	 single-molecule	 processes	 in	
natural	samples.3-5	A	review	of	literature	shows	a	number	of	practical	biomolecule-detection	
methods	 that	 can	 sense	 molecules	 such	 as	 DNA,	 proteins	 but	 only	 a	 few	 methods	 have	
actually	 achieved	 this	 goal.	 To	 date,	 the	 leading	 techniques	 that	 are	 capable	 of	 direct	
detection	 of	 biomolecule	 capture	 events	 include	 Whispering-gallery	 microlasers,6-8	Micro-









many	 different	 techniques	 between	 sample	 preparation	 (extraction	 and	 purification,	
enrichment,	 separation)	 and	 analysis,	 they	 are	 also	 rich	 in	 complexity.19	 Conventional	
methods	 in	 this	 case	 are	 also	 used	 despite	 their	 long	 turnover	 time	 because	 of	 their	 high	
sensitivity	 and	 selectivity.	 Literature	 and	 figure	 1.1	 below	 shows	 that	 the	 most	 popular	
methods	 for	 pathogen	 detection,	 thus	 far,	 are	 those	 based	 on	 culture	 and	 colony	 counting	
methods	 and	 polymerase	 chain	 reaction	 (PCR).	 Culture	 and	 colony	 counting	 methods	 are	
much	 more	 time	 consuming	 than	 PCR	 but	 both	 provide	 conclusive	 and	 unambiguous	
results.19	 Biosensor	 technology	 comes	 with	 promises	 of	 equally	 reliable	 results	 in	 much	





















Figure	1.1:	 (a)	Approximate	number	of	articles	using	different	 techniques	 to	detect	and/or	








Currently,	 as	 represented	 in	 figure	 1.1	most	 of	 the	 diagnostic	 assays	 are	 based	 on	
optical	measurements.	Utilization	of	nanomaterials	(i.e.	quantum	dots	and	nanoparticles)	can	
significantly	 improve	 limits	of	detection	of	 such	 techniques.	However,	 complicated	readout	
instrumentation,	 long	 duration	 for	 sample	 preprocessing	 and	 the	 need	 for	 labeling	 make	
optical	 methods	 expensive,	 time-consuming	 and	 non-portable.	 In	 contrast,	 electrical	
detection	 methods	 rely	 on	 much	 simpler	 instrumentation	 that	 ensures	 lower	 cost,	
portability,	and	ease	of	use.	Hence,	electrical	methods	are	ideally	suitable	for	implementation	
of	 label-free	detection	approaches.	Real-time	and	sensitive	electrical	detection	of	molecules	
was	 brought	 closer	 to	 realization	 when	 the	 first	 silicon	 based	 ion	 sensitive	 field	 effect	
transistor	 (ISFET),	 used	 for	 measuring	 ion	 concentrations	 in	 solution,	 was	 studied	 by	
Bergveld	 in	 1970.20	 However,	 when	 the	 ISFET	 was	 first	 developed,	 theoretical	 studies	
indicated	 that	 a	 limit	 exists	 to	 the	overall	 sensing	 capabilities.	These	biosensors	were	only	
able	to	achieve	micromolar	(µM)	levels	of	detection.	Although	this	is	ultimate	for	some	types	
of	bio	sensing,	such	as	glucose	levels	in	blood,	there	are	many	other	biomolecules	of	interest	
that	 are	 functional	 at	 lower	 concentrations.21	 Due	 to	 this	 set	 back	 of	 non-ideal	 limits,	
extensive	 research	 regarding	 one-dimensional	 electrical	 biosensors	 has	 emerged	 over	 the	
past	 decade.22	With	 ultra-sensitivity	 and	 specificity,	 and	 lab-on-chip	 capabilities,	 electrical	




in	 real-time,	 there	 are	 two	main	 components	 that	work	 in	 conjunction	with	 each	 other	 to	
have	a	functionalized	hybrid	system.	The	first	component	of	the	system	is	called	the	receptor,	
typically	played	by	a	biomaterial	 such	as	a	protein	or	nucleic	acid,	 that	 recognizes	a	 target	











is	 a	 schematic	 representation	 of	 the	 typical	 set	 up	 of	 a	 two-terminal	 single	walled	 carbon	
nanotube	 thin	 film	 electric	 biosensor.	 This	 electric	 biosensor	 utilizes	 carbon	 nanotubes	 as	
the	key	component	of	 the	transducer.	The	sensitivity	of	 the	biosensor	depends	a	 lot	on	the	
characteristics	of	 the	 transducer	(shape,	 type	of	 the	material,	 size).	High	surface-to-volume	
ratio	of	 the	 transducing	element	can	 increase	 the	efficiency	of	 the	signal	being	 transferred,	
allowing	 for	 the	 possibility	 of	 a	 much	 more	 ideal	 limit	 of	 detection.	 Thus,	 because	 of	 the	


















elements	 for	 electrical	 biosensors	 include	 polymeric	 and	 silicon	 nanowires,	 however	 they	
can	only	be	fabricated	to	as	a	low	as	10nm	in	diameter.	25	This	is	an	indication	that	they	are	
not	 capable	 of	 achieving	 diffusion	 properties	 that	 are	 unique	 to	 one-dimensional	
nanomaterials	 such	as	 single	walled	carbon	nanotubes.21,	26-28	However,	using	0.7nm-2.5nm	
diameter	 SWNTs	 as	 the	 transducing	 component	 will	 take	 advantage	 of	 the	 unique	 one-
dimensional	 diffusion	 properties.	 Many	 recent	 biosensors,	 particularly	 electrochemical	
biosensors	have	incorporated	carbon	nanomaterials	such	as	SWNT	as	sensing	elements	due	




To	 this	 date,	 there	 are	 many	 different	 techniques	 that	 can	 be	 used	 to	 fabricate	 SWNT	
based	 electrical	 biosensors.	 SWNTs	 can	 be	 transferred	 on	 to	 the	 surface	 of	 the	 electrodes	
following	synthesis,	or	they	can	be	grown	directly	between	electrodes	via	catalyst	patterning	
coupled	 with	 chemical	 vapor	 deposition	 (CVD).	 Depending	 on	 the	 specific	 needs	 of	 the	
transducing	component,	research	groups	have	been	able	to	produce	a	single-SWNT	between	
electrodes30	 and	 single	 walled	 carbon	 nanotube	 thin	 films	 (SWNTTFs)	 grown	 between	
electrodes.31	 SWNTs	 have	 also	 been	 produced	 via	 non-growth,	 which	 include	 a	 SWNT	
surfactant	 solution	 filtration	 followed	by	soft	 lithography	 for	 transfer	 into	 the	device32	and	
alternating	 current	 electrophoresis	 while	 running	 a	 SWNT-surfactant	 solution	 through	 a	
microfluidic	channel.33			 		 	 	
Regardless	 of	 the	 fabrication	 process,	 subsequently,	 to	 the	 fabrication	 of	 the	 electrical	
component,	 the	 device	 is	 exposed	 to	 a	 specific	 concentration	 of	 receptor	molecules,	which	
are	 anchored	 onto	 the	 surface	 of	 SWNTs	 through	 either	 physical	 absorption	 or	 covalent	
binding	 to	 defect	 sites.34	 The	 success	 of	 these	 two	 different	 components	 integrated	 into	 a	
working	 device	 allows	 for	 the	 exploitation	 of	 two	 very	 unique	 materials	 working	 in	
unification,	making	the	sensors	capable	of	capturing	and	sensing	a	target	analyte.		
The	ability	of	biomolecules	 to	bind	to	a	 target	analyte	with	high	specificity	 is	one	of	 the	
main	 reasons	 as	 to	 why	 there	 has	 been	 such	 a	 large	 push	 in	 creating	 electrically	 based	
biosensors.	Literature	review	shows	that	there	are	many	different	types	of	biomolecules	that	
have	the	ability	to	selectively	bind	to	target	analyte	due	to	their	unique	primary,	secondary,	







also	 demonstrated	 SWNTTF	 offering	 a	 limit	 of	 detection	 of	 1pM	 in	 real	 time	 for	 M13	
bacteriophage.21	 These	 numbers	 alone	 indicate	 the	 infinite	 possibilities	 of	 these	 electrical	
biosensors.	This	realization	 is	also	what	 led	 to	 the	 increase	 in	study	of	sp2	hybridized	one-
dimensional	transducer	electrical	biosensors.	Recent	studies	show	the	fabrication	process	of	









bonding,	strength,	and	number	of	bonds	 it	can	form	with	many	different	elements.	 It	 is	 the	
chemical	genius	of	 carbon	 that	allows	 it	 to	bond	 in	many	different	ways	 in	order	 to	 create	
structures	with	entirely	different	properties,	both	at	the	macroscopic	and	nanoscopic	scales.	
The	secret	behind	these	unique	properties	lies	in	the	different	hybridization	that	the	carbon	
atom	 can	 undertake.	 Graphite	 and	 Diamond	 are	 two	 solid	 phases	 of	 pure	 carbon	 that	 can	
confirm	 the	 relevance	 of	 hybridization	 to	 the	 properties	 of	 these	 carbon-based	 materials.	
When	 a	 carbon	 atom	 shares	 four	 valence	 electrons	 equally,	 it	 is	 said	 to	 be	 sp3	 hybridized,	
which	 creates	 an	 isotropically	 strong	 diamond.43	 Diamond,	 a	 material	 with	 extreme	
mechanical	properties,	exhibits	one	of	the	strongest	hardness	values,	has	an	extremely	high	
thermal	conductivity,	and	is	an	electrical	insulator	with	a	band	gap	of	~5.5	eV.44	It	possesses	
a	 three-dimensional	cubic	 lattice	with	a	 lattice	constant	of	3.57	Å	and	a	C-C	bond	 length	of	



















Graphite	 is	 the	 most	 thermodynamically	 stable	 form	 of	 carbon	 at	 room	 temperature	
comprised	of	a	layered	two-dimensional	structure	where	each	layer	consists	of	a	hexagonal	
honeycomb	 structure	 of	 sp2	 hybridized	 carbon	 atoms	with	 a	 C-C	 bond	 length	 of	 1.42	 Å.45	
Single	 atom	 thick	 layers	 known	 as	 graphene	 layers,	 bond	 via	 noncovalent	 van	 der	Waals	
forces.	These	weak	interactions	between	layers	of	graphite	indicate	that	the	single	graphene	
layers	 can	be	 chemically	 or	mechanically	 exfoliated.	A	 graphene	 sheet	 can	be	 conceptually	
rolled	 or	 distorted	 into	 other	 sp2	hybridized	 carbon	 nanostructures	 such	 as	 SWNTs	 and	
fullerenes.		
In	 the	 field	 of	 nanotechnology,	 carbon	 is	 very	 important	 due	 to	 the	 existence	 of	 0D	
(fullerenes),	 1D	 (carbon	 nanotubes)	 and	 2D	 (graphene)	 nanomaterials	which	 have	 unique	
physical	 and	 chemical	 properties	 and	 are	 promising	 in	 a	 number	 of	 applications.	 With	
nanometer-scale	dimensions,	the	properties	of	carbon	nanomaterials	are	not	only	dependent	
on	 their	 atomic	 structures,	 but	 also	 on	 their	 interactions	 with	 other	materials.	With	 their	
ability	to	form	any	shape	or	size,	1D	SWNTs	have	also	attracted	significant	attention	because	
of	 their	 ability	 to	 withstand	 high	 temperatures,	 their	 sensitive	 electronic	 properties,	 their	




Carbon	 Nanotubes	 first	 discovered	 by	 Ijima	 in	 199146	 can	 be	 visualized	 as	 a	 piece	 of	
carbon	sheet	rolled	 into	a	 tube	 like	structure.	Each	SWNT	can	also	be	viewed	as	a	cylinder	
that	has	a	single	sheet	of	graphite	(graphene)	as	its	surrounding	wall.		Based	on	the	direction	




𝐶" = 	𝑛&' + 	𝑚&* = (𝑛,𝑚)		where	0	<	|	m	|	<	n																									Equation	1	
	
The	 length	 of	 the	 chiral	 vector	 Ch	 is	 directly	 related	 to	 the	 diameter	 of	 the	 nanotube.	 The	
chiral	angle	q	between	Ch	and	zigzag	direction	of	the	lattice	(n,	0)	is	related	to	the	indices	n,	
m.47	Nanotubes	where	n=m	(q=	30°)	 is	 referred	 to	 as	 armchair	nanotubes	because	of	 their	
























zigzag	 configurations	 respectively.	 Ch	 is	 the	 chiral	 vector	 defined	by	 unit	 vectors	 a1	 and	 a2	





their	 exceptional	 sensitivity	 to	 the	 immediate	 environment.49	 This	 sensitivity	 to	 the	
immediate	environment	is	due	to	the	carbon	atoms	within	the	nanotube	that	are	located	on	
the	 modules	 surface,	 which	 allows	 for	 all	 atoms	 along	 the	 length	 of	 the	 nanotube	 to	 be	
affected	 by	 modifications	 on	 the	 surface.50	 The	 large	 surface	 area	 and	 molecular	 shape	
available	 for	biomolecule	 interactions	 is	the	key	behind	enhancing	the	overall	sensitivity	of	






transistors	 (FETs),	 whereas	 metallic	 SWNTTFs	 are	 potentially	 useful	 as	 transparent	
conductors.51-52	 As	 mentioned,	 a	 way	 to	 visualize	 SWNTs	 after	 synthesis,	 is	 to	 see	 it	 as	 a	
rolled	up	 sheet	 of	 graphene.	 This	 leads	 to	 the	understanding	 that	 they	 also	 exhibit	 similar	
properties	 to	graphene	 in	 terms	of	band	structure	and	density	of	states	(DOS)	as	shown	 in	
figure	1.5.	 However	 due	 to	 boundary	 conditions,	 SWNTs	hold	 a	 difference	 in	 energy	 level	
quantization	as	a	consequence	of	 their	one-dimensional	geometry.53	An	 individual	SWNT	is	



















In	 a	 typical	 two-terminal	 setup,	 the	 overall	 conductance	 of	 a	 SWNT	 is	 tuned	 by	 the	




exhibit	 these	 increased	sensitivity	properties	due	 to	 their	DOS	being	constant	at	 the	Fermi	
level	(figure	1.5).		






chiralities	 and	 thus	 dissimilar	 properties.	 Based	 on	 the	 SWNT	 hexagonal	 building	 block	
orientation	and	their	quantized	wave	vector	values,	metallic	and	semiconducting	SWNTs	are	
typically	synthesized	at	a	1:2	ratio.55-57	Due	to	these	limitations,	modifying	the	synthesis	and	
growth	 of	 our	 nanotubes	 as	 well	 as	 device	 design	 plays	 a	 big	 role	 in	 achieving	 favorable	
reproducibility	 and	 device	 performance.	 These	modifications	will	 be	 discussed	 in	 detail	 in	
chapter	two	of	this	thesis.			
SWNTs	 have	 high	 aspect	 ratios,	 high	mechanical	 strength	with	 a	 young’s	module	 of	 2	
tetrapascal,58	 high	 surface	 areas,	 rich	 electronic	 properties	 and	 excellent	 thermal	 and	
chemical	 strength.59	 However,	 SWNTs	 are	 not	 very	 reactive	 due	 to	 their	 high-graphitized	
nature.	Oxidation	of	the	tubes	was	first	shown	at	high	temperatures	(above	750°C)	in	the	gas	
phase,	which	resulted	in	the	formation	of	three	functional	groups:	a	carbonyl	group	(-CO),	a	
hydroxyl	 group	 (-COH)	 and	 a	 carboxyl	 group	 (-COOH)	 at	 a	 2:1:4	 ratio	 respectively.60	














Figure	 1.6:	 Overview	 of	 the	 different	 SWNT-based	 biosensor	 strategies.	 a)	 CNT	 used	 as	 a	
label,	 b)	 SWNT	 used	 a	 support	 for	 loading	 tags,	 c)	 electrochemical	 SWNT	 sensor	 and	 d)	
SWNT-FET	sensor.	Adapted	from	ref	61.		
	
The	 chemical	 and	 physical	 properties	 of	 SWNTs	 make	 them	 well	 suited	 for	 sensing	
applications.	 SWNTs	maintain	 a	 high	 conductivity	 along	 their	 length,	 which	 indicates	 that	
they	 are	 ideal	 nanoscale	 electrode	 materials	 and	 nanoscale	 FETs62-64.	 A	 good	 number	 of	
literature	 reviews	 also	 suggests	 that	 carbon	 nanotubes	 have	 highly	 sensitive	 multiplexed	
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optical	 properties	 such	 as	 characteristic	 Raman	 signal65	 and	 can	 be	 exploited	 to	 make	
entirely	nanoscale	biosensors	that	could	be	used	inside	cells,	or	dispersed	through	a	system	
in	 order	 to	 capture	 the	 small	 amount	 of	 analyte	 present	 in	 a	 system	 (figure	 1.6	 a).66	 In	
addition,	CNTs	act	as	a	 support	 to	 carry	a	payload	of	 labels	 (figure	1.6	b),67	or	be	used	as	
supports	 functioning	 as	 label-free	 electrical	 detectors.68	 Other	 uses	 of	 CNTs	 in	 biosensors	
include	CNTs	in	electrochemical	enzyme	biosensors	that	are	directly	plugged	into	individual	
redox	 enzymes	 for	 better	 transduction.69	 The	 changes	 in	 electrical	 current	 due	 to	
electrochemical	 reactions	 are	 efficiently	 transferred	 through	 the	 nanotubes	 to	 the	 metal	
surface,	which	are	easily	detected	using	voltammetry	or	amperometry	(figure	1.6	c).70	Last	
and	most	 important	 in	 our	 case,	 are	 FET	 biosensors	 based	 on	 SWNTs	 for	 the	 detection	 of	
single-molecule	events.	In	SWNT-FET	based	sensors	(figure	1.6	d),	individual	nanotubes	or	
their	 networks	 are	 used	 a	 channel	 that	 provides	 high-sensitivity	 for	 this	 kind	 of	 single	
molecule	 detection.71	 FETs	 that	 are	 based	 on	 a	 network	 of	 nanotubes	 are	 known	 to	 offer	
better	 reproducibility	 and	 manufacturability,	 however,	 they	 show	 lower	 sensitivity	
compared	 to	 FETs	 based	 on	 a	 single	 SWNT.	 The	 first	 FET	 sensor	 that	 exploited	 a	 SWNT	





previously	 mentioned,	 SWNTs	 that	 are	 CVD	 grown	 present	 random	 chiralities.	 The	
randomness	 is	 the	 reason	 why	 there	 is	 a	 reproducibility	 issue.	 The	 SWNT	 does	 not	 only	
bridge	an	electrode	gap	during	growth,	but	with	a	successful	growth	there	is	no	guarantee	of	
the	properties	 that	SWNT	will	display.	When	 it	 comes	 to	solution	based	 techniques	 for	 the	
fabrication	 of	 SWNT	 based	 devices,	 the	 nanotubes	 are	 coated	 with	 surfactants	 and	
subsequently	 sonicated	 for	 dispersion.	 This	 technique	 generally	 hinders	 the	 electrical	
properties	 of	 the	 SWNTs	 because	 of	 mechanical	 cleavage	 under	 sonication.76	 Coating	 the	
SWNTs	with	additional	materials	decreases	the	sensitivity	of	the	tubes,	as	they	are	no	longer	
directly	exposed	to	the	environment.	Thus,	the	main	setbacks	for	SWNT	based	biosensors	is	
the	 inability	 to	 control	 the	 properties	 of	 as	 grown	 SWNTs	 in	 addition	 to	 the	 possible	







Delft	 University77	 and	 by	 Avouris	 from	 IBM,78	 there	 has	 been	 significant	 progress	 made	
towards	 characterizing	 SWNTs	 as	 well	 as	 integrating	 SWNTs	 into	 working	 devices.		
Numerous	 research	 groups	 worldwide	 have	 been	 engaged	 in	 using	 SWNT	 transistor	 type	
devise	 in	 hopes	 to	 sense	 a	 variety	 of	 chemical	 and	biological	 species	 in	 a	 proof-of-concept	
matter.	 Many	 of	 these	 projects	 have	 demonstrated	 exceptional	 results,	 however	 there	 are	




research	 groups	 till	 this	 date.21,79,80	 The	 study	 of	 the	 properties	 governing	 these	 sensing	
mechanisms	have	also	been	an	on	going	investigation	in	our	work.	Regulation	agencies	such	
as	 Health	 Canada	 and	 the	 Food	 and	Drug	 Administration	 require	 exhaustive	 research	 and	
characterization	 of	 health	monitoring	 devices.21	 Hence,	 to	 approach	 commercialization	 for	
SWNT	 based	 sensing	 devices	 for	 health	 purposes,	 such	 as	 the	 detection	 of	 bacteria,	 there	
must	 be	 a	 thorough	 understanding	 of	 the	 mechanisms	 governing	 the	 detection	 of	
biomolecule	capture	events.	With	this,	experimental	data	can	be	reproduced	consistently	and	
regulation	agency	requirements	can	be	met.		
Besides	 electrostatic	 interaction,	 theories	 have	 also	 been	 proposed	 to	 explain	 why	
increased	sensitivities	have	been	observed	for	small	dimensional	sensors.81	Literature	shows	
that	 theoretically	 there	 is	 a	 5-10	 times	 increase	 in	 sensor	 sensitivity	 because	 of	 the	 small	
dimensional	electrostatic	properties	of	the	transducer	element.	Except,	experimentation	has	
proven	that	switching	the	transducer	from	planar	structures	to	one-dimensional	structures	
such	 as	 SWNTs,	 have	 increased	 from	 µM	 to	 femtomolar	 (fM)	 levels	 of	 detection	 in	 some	
cases.	 To	 explain	 the	 theory	 of	 such	 a	 large	 increase	 in	 sensitivity	 for	 small	 dimensional	
sensors,	the	kinetics	of	diffusion	has	been	believed	to	play	a	big	role.81	The	theory	of	kinetics	
of	 diffusion	 still	 requires	 further	 work	 in	 order	 to	 understand	 the	 kinetics	 response	 of	
nanomaterial	based	biosensors.		
1.3.1. Proposed	Sensing	Mechanism	
SWNT	 based	 transistors	 as	 mentioned	 have	 a	 phenomenal	 potential	 for	 electrical	
detection	 of	 biomolecules	 in	 solution.	 The	 mechanism	 in	 charge	 for	 sensing	 purposes	
however	 still	 remains	 controversial,	 which	 obstructs	 full	 exploitation	 of	 these	 promising	
13	
	
nanosensors.	 So	 far,	 there	have	been	 five	 theorized	 sensing	mechanisms,	which	 all	 involve	
electrostatic	interactions	between	the	receptor	and	analyte,	which	results	in	an	effect	felt	by	
the	SWNTs.	These	mechanisms	are	chemical	doping,	electrostatic	gating,	capacitive	coupling,	





























Figure	 1.7	 clearly	 demonstrates	 that	 there	 are	 subtle	 differences	 in	 the	 way	 each	
sensing	 mechanism	 behaves	 when	 a	 change	 on	 the	 surface	 occurs,	 affecting	 the	 SWNTs	
14	
	




previous	 experimental	 and	 theoretical	 study	 completed	 on	 the	 mechanisms	 governing	
SWNTs,	a	paper	written	by	professor	Tangs	group,	electrostatic	gating/	chemical	doping	 is	
the	 sensing	 mechanism	 that	 will	 be	 of	 main	 focus.	 To	 better	 understand	 this	 sensing	
mechanism	and	why	it	is	the	mechanism	of	choice,	a	detailed	understanding	is	required.		
1.3.1.1. Electrostatic	Gating	
Electrostatic	gating	 is	a	very	 important	 theory	that	occurs	because	all	biomolecules	are	
capable	 of	 carrying	 a	 net	 charge.	 This	 net	 charge	 depends	 on	 two	 things,	 1)	 the	 primary	
structure	 (amino	acid	sequence,	nucleotides,	 etc.)	and	2)	 solution	conditions	 (pH,	 ion	 type,	
ion	 concentration,	 etc.).83	 When	 charged	 specie	 adsorbs	 onto	 the	 surface	 of	 the	 CNT,	 the	
biomolecule	will	produce	an	electrostatic	gating	effect	on	the	CNT	molecule.13	The	adsorbed	
molecules	act	to	tune	the	surface	potential	of	the	CNT,	which	results	in	the	Fermi	level	within	
the	 channel	 being	 increased	 or	 decreased	 depending	 on	 the	 number	 of	 biomolecules	




the	 electrolyte	 or	 buffer.	 This	 is	 due	 to	 ionic	 strength	 of	 the	 solution	 surrounding	 the	
transducing	material,	which	has	a	large	affect	on	the	solution’s	Debye	length	and	in	turn	the	
materials	 sensing	 capabilities.13	 The	 Debye	 length	 is	 refers	 to	 a	 measure	 the	 distance	 the	
interface	into	the	surrounding	solution	a	surface	can	experience	electrostatic	changes.84	This	
is	 due	 to	 double	 layer	 of	 charged	 ions	 that	 build	 up	 on	 the	 surface,	 and	 any	 electrostatic	











Avogadro’s	Number,	 e	 is	 the	 elementary	 charge	 and	 I	 is	 the	 ionic	 strength	 of	 the	 solution.	
From	this	equation,	it	is	clear	that	the	ionic	strength	of	the	solution	is	inversely	proportional	
to	the	Debye’s	length	within	the	solution.	Therefore,	as	the	electrolyte	solution	gets	better	at	
screening	 out	 electrostatic	 effects	 when	 there	 are	 more	 ions	 present	 within	 the	 solution.	
Hence,	for	this	kind	of	sensing	mechanism,	it	is	important	to	have	low	ionic	strengths	of	the	





materials	have	 shown	many	of	 the	 same	 features	 such	as	 enhanced	electrical	 conductivity,	




absorbed	 on	 the	 surface	 of	 the	 SWNT,	 and	 is	 capable	 of	 donating	 or	 taking	 away	 some	
quantity	 of	 an	 electron	 to	 tune	 the	 overall	 conductance	 of	 the	 nanotube	 is	 considered	 as	
chemical	doping.86	Study	shows	that	rather	than	the	conductance	of	the	SWNT	being	affected	
by	the	overall	charge	of	the	dopant	molecule,	the	redox	state	of	the	molecule	is	what	actually	
commands	 the	 direction	 of	 conductance	 change.87	 Figure	 1.7	 represents	 the	 effects	 of	 an	
















The	 theoretical	 study	 and	 experimental	 study	 of	 the	 two	 sensing	 mechanisms	
(electrostatic	gating	and	chemical	doping)	considered	smaller	biomolecules	such	as	proteins	




the	 molecule;	 larger	 species	 such	 as	 bacteria	 have	 smaller	 diffusion	 coefficents.89	 This	
property	 will	 therefore	 result	 in	 a	 decrease	 in	 the	 diffusion	 capacitance	 of	 a	 1D	 system.	
Although	this	is	not	expected	to	alter	the	device’s	sensitivity	as	bacteria	in	theory	would	be	
able	 to	 have	 multiple	 capture	 events,	 the	 sensor	 would	 however	 result	 in	 an	 increase	 in	


























This	 chapter	 summarizes	 the	 work	 done	 on	 the	 fabrication	 of	 PET	 based	 SWNTTF	
sensors.	The	growth	of	SWNTs	and	their	incorporation	into	the	gold	plated	PET	strips	will	be	
shown	 as	well	 as	 the	 characterization	 of	 the	 sensors	 both	wet	 state	 and	 dry	 state	will	 be	
presented.	 The	 rationale	 of	 this	 work	 was	 to	 incorporate	 these	 SWNT	 films	 into	 the	 PET	
strips	 to	 not	 only	 enhance	 the	 electrical	 properties	 of	 the	 sensors,	 but	 to	 potentially	
demonstrate	 the	viability	of	such	nanotubes	as	a	platform	technology	allowing	response	 to	
external	changes	on	the	surface.	Such	a	phenomena	will	be	useful	in	the	context	of	bacteria	
sensor	 development;	 opening	 up	 the	 great	 possibility	 for	 real-time,	 point-of-care,	 portable	
SWNT	based	biosensors.	






contaminated	 food	 or	water.90	Most	 strains	 of	E.	coli	 are	 harmless;	 however,	 some	 strains	
such	 as	 E.	coli	O157:	 H7,	 can	 make	 people	 severely	 sick,	 causing	 severe	 stomach	 cramps,	
diarrhea	 and	 vomiting.	 Serious	 complications	 of	 an	 E.	coli	 O157:	 H7	 infection	 can	 include	
kidney	failure.	E.	coli	infections	are	generally	caused	by	eating	contaminated	food	or	drinking	
contaminated	water	and	symptoms	of	an	E.	coli		 infection	usually	don’t	start	within	about	3	




strokes;	 some	 may	 need	 blood	 transfusions	 and	 kidney	 dialysis.	 A	 diagnosis	 of	 E.	 coli	
infection	can	only	be	confirmed	through	laboratory	testing,	a	process	that	can	take	hours	to	
weeks	 depending	 on	 source	 availability,	 which	 is	 a	 crucial	 time	 for	 those	 affected	 by	 the	
bacteria.		
For	 countries	 like	 Canada	 and	 the	 United	 States	where	 there	 is	 access	 to	 clean	water	
everywhere,	 it	 was	 still	 reported	 that	 an	 estimated	 73,000	 illnesses	 and	 2,100	
hospitalizations	occur	annually	 in	the	United	States	because	of	E.	coli	contamination	and	an	
estimated	 4000	 hospitalizations	 and	 105	 deaths	 associated	 with	 30	 known	 pathogens	 in	
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Canada	 with	 E.	 coli	being	 76%	 of	 those	 numbers.92	 The	 public	 Health	 Agency	 of	 Canada	
estimates	that	4	million	episodes	of	foodborne	and	waterborne	illness	occur	each	year,	and	
due	 to	 the	 lack	 of	 monitoring	 of	 this	 bacteria,	 the	 illnesses	 that	 arise	 from	 it	 are	 often	
misdiagnosed.	 This	 leads	 to	 expensive	 and	 invasive	 diagnostic	 procedures,	 prolonged	










Previous	 studies	 in	 our	 lab	 have	 successfully	 shown	 that	 electrical	 biosensors	 using	
SWNTTFs	are	able	to	selectively	detect	whole	M13	bacteriophage	coupled	with	anti-plll	M13	
antibodies	 at	 a	 1pM	concentration.41	M13	bacteriophage	 is	 a	 filamentous	 virus	 that	 infects	
particular	 strains	 of	 E.	 coli.	 The	 M13	 virus	 consists	 of	 a	 single	 stranded	 of	 DNA	 that	 is	
enclosed	in	a	1µM	long	tube	array	of	2700	coat	proteins.41	Similarly,	but	superior,	E.	coli	is	a	
rod-shaped	 bacterium	 that	measures	 approximately	 0.5µM	 in	width	 by	 2µM	 in	 length.	 As	
previously	 mentioned	 regarding	 the	 relationship	 between	 the	 diffusion	 coefficient	 and	
molecular	weight	of	the	molecule,	if	the	smaller	and	lighter	M13	bacteriophage	is	detectable	
at	1pM	concentration,	then	E.	coli	should	also	be	detectable	at	an	even	smaller	concentration	
due	 to	 its	 larger	 size.	 Hence,	 the	 rod-like	 structure	 and	 size	 of	 the	 bacteria	 as	well	 as	 the	
popularity	of	the	bacteria	and	proof-of-concept	work	previously	done	in	this	lab,	made	E.	coli	
an	attractive	candidate	for	a	systematic	study	of	SWNT	chemiresistive	biosensors.		
Biosensors	have	been	developed	 for	many	different	analytes,	which	range	 in	size	 from	
individual	 ions	 and	 small	molecules	 to	 nucleic	 acids	 and	proteins	 up	 to	whole	 viruses	 and	
bacteria.	For	bacterial	sensing,	two	classes	of	biosensors	have	been	developed:	1)	those	that	
require	 sample	 processing	 to	 achieve	 bacterial	 disruption	 or	 lysis	 in	 order	 to	 liberate	 the	
target	 bacterial	 component	 and	 2)	 processing	 free	 systems	 that	 target	whole	 bacteria.	 For	
class	 1,	 biosensors	 detect	 bacterial	 components	 such	 as	DNA,	RNA,	 enzymes,	 and	 secreted	




cost.	Hence,	biosensors	 that	 can	directly	detect	whole	bacteria	without	 reagents	or	 sample	






most	 commonly	 used.	 For	 this	 work,	 the	 impedimetric	 method	 for	 electrochemical	




surface	 modification	 in	 order	 to	 improve	 stability,	 sensitivity,	 electrical	 and	 optical	
properties,	 selectivity	 and	 biocompatibility	 depending	 on	 the	 analyte,	 receptor	 and	
transducer.	 The	 functionalization	 of	 SWNTs	 is	 important	 for	 rendering	 them	 selective	 to	
specific	analyte	molecules.	By	attaching	the	receptor	molecule	to	the	surface	of	a	biosensor,	
the	SWNTs	biosensor	becomes	selective	to	specific	analyte	molecules.	These	receptors	can	be	
attached	 to	 the	 surface	 via	 covalent	 or	 non-covalent	 binding.	 Surface	 modification	 in	
biosensors	 is	 specifically	 used	 so	 that	 there	 is	 a	 decrease	 in	 non-specific	 binding	 of	 the	
various	 molecules	 to	 the	 transducing	 component.95	 In	 this	 work,	 antibody	 Anti-E.coli	 LPS	
specific	for	E.coli	K12	MG1655	is	immobilized	to	the	surface.	Triton	X-100	is	dispersed	onto	




of	 functionalization	 of	 the	 different	 carbon	 nanomaterials	 and	 their	 surface	 area	 locations	
varies	 significantly.	 For	 instance,	 the	 edges	 and	 defect	 sites	 of	 SWNTs	 are	 generally	more	
reactive	 than	 other	 sites.	 Nanotubes	 that	 have	 a	 smaller	 diameter	 are	 chemically	 more	



































have	 arisen	 including	 electrical	 sensing,	 which	 requires	 the	 integration	 of	 SWNTs	 into	 an	






personal	 use	 at	 home,	 regular	use	 in	 a	 laboratory,	 or	 remote	 regular	use	off	 site	 such	was	
wastewater	treatment,	the	key	properties	for	a	commercial	biosensor	to	detect	bacteria	are	
the	 same.	 Ultimately,	 they	 should	 be	 inexpensive,	 small,	 easy	 to	 operate	 with	 little	 to	 no	
sample	preparation	and	be	label	free.	Some	key	requirements	for	an	ideal	biosensor	shown	
in	Table	2.1	are	included	in	the	prototype	design	of	this	project.		
Parameter Value or Quality 
Sensitivity Less than 103 CFU/mL 
Specificity Can distinguish different serotypes of bacteria (e.g., can distinguish E. coli Nissle 
1917 from E. coli O157:H7), minimal background, must operate in complex 
matrices (e.g., clinical samples such as sputum and blood, food, and beverage 
samples) 
Speed 5-10 min for a single test 
Size Compact, portable device that can operate at the site of interest 
Sample Processing Label free with minimal sample processing 
Stability Biorecognition element must be stable at the high temperatures experienced in some 
countries (e.g., up to 45°C) for several months to allow for good shelf life 
 
Skill of Operator No specialist training needed to use the assay, can be used by patients 
Table	2.1:	Requirements	for	an	ideal	bacterial	sensor.	Copyright	from	reference	94.		
	 To	achieve	a	realistic	disposable	sensor	that	fits	the	requirements	listed	in	Table	2.1,	the	
first	 step	 is	 for	 a	 cost-efficient	 disposable	 substrate.	 	 By	 customizing	 a	 premade	 substrate	
that	 is	 typically	 used	 for	 blood	 glucose	 sensors,	 a	 cost	 effective	 proof	 of	 concept	 device	 is	






















effect,	 disposable	 sensor	 is	 invented.	 There	 are	 a	 few	 features	 that	 are	 important	 on	 a	
substrate	 in	order	for	a	successful	 fabrication.	These	are	the	pre-patterned	gold	electrodes,	
the	contact	pads	 for	 the	connector,	 the	adhesive	 layer	and	the	 location	surface	area	 for	 the	
SWNT.	By	removing	the	accu-check	cover	and	acrylic	adhesives	on	the	strip,	these	strips	are	







gold	 electrodes	 so	 that	 only	 the	 SWNT	 is	 exposed	 to	 the	 various	 testing	 solutions.	 This	
controlled	exposure	allows	for	a	better	understanding	of	 the	 interactions	between	the	gold	
electrodes	and	 the	nanotubes,	and	 the	nanotubes	 to	 the	solutions.	Specifically,	 interactions	










ensure	 proper	 stability	 and	 reproducibility,	 a	 suitable	 connector	was	 designed	 specifically	
























	 Dry	 state	 characterization	 for	 all	 steps	 from	 SWNT	 growth	 and	 transfer	 to	 device	
fabrication	is	vital	and	must	be	concluded	throughout	the	fabrication	process.	The	simplest	
method	for	material	characterization,	such	as	determining	whether	or	not	SWNT	synthesis	is	
successful	 prior	 to	 SWNT	 transfer	 is	 Raman	 Spectroscopy.	 A	 Raman	 peak	 analysis	 is	
accomplished	after	transfer	and	patterning	to	ensure	that	there	has	been	no	damage	to	any	
of	 the	 SWNT	 films	during	 the	 fabrication	process.	Raman	 spectroscopy	 is	 used	 throughout	
the	period	of	this	work	using	the	Horiba	(Jobin	Yvon)	HR800	Raman	spectrometer.		














the	 first	 goal	of	 this	project.	 In	addition	 to	ensuring	 the	 reproducibility	and	success	of	 low	
dense	 films,	 imaging	 techniques	 are	 also	 used	 to	 determine	 proper	 device	 patterning	 and	
cleaning	during	fabrication.	Atomic	force	microscopy	also	has	the	ability	to	provide	nanotube	




	 Prior	 to	 this	 study,	 a	 study	was	 conducted	 to	 determine	whether	 or	 not	 there	was	 any	
response	to	the	dry	state	electrical	behavior	of	SWNTs.	This	study	fabricated	devices	with	a	
back-gating	through	a	50nm	SiO2	wafer.	Using	a	gate	voltage	varying	from	-5V	to	5V	the	drain	
current	 was	monitored	 at	 a	 constant	 drain	 voltage	 of	 10mV.	 An	 on/off	 ratio	 (Ion/Ioff)	 was	
determined	allowing	for	an	overall	switching	capability	of	the	film.	These	results	were	used	
to	compare	the	device	response	to	biomolecule	sensing.	Results	of	this	study	concluded	that	
based	on	 the	dry	state	electrical	 characterization	of	SWNTs,	 there	 is	a	correlation	between	
dry	 state	 electrical	 behavior	 of	 SWNTs	 and	 their	 electrical	 response	 to	 biomolecules.	 This	
conclusion	allows	for	this	project	to	move	forward	with	biomolecule	detection	on	the	surface	
of	 these	 SWNT	 films.	 The	 dry	 state	 resistance	 of	 each	 device	 is	 measured	 as	 well	 as	 the	
surface	area	of	 the	 film	being	exposed	to	any	testing	solutions.	All	electrical	measurements	




sensing	 strategy	 that	 is	 used	 throughout	 this	 project	 is	 impedance	 spectroscopy.	 Since	 the	
19th	 century,	 after	 Oliver	 Heaviside	 created	 the	 term	 “impedance,”	 electrochemical	
impedance	 spectroscopy	 (EIS)	 has	 been	 employed	 to	 characterize	 different	 biological	
systems.98	Electrical	detection	methods	such	as	 impedance	spectroscopy	 is	a	much	simpler	
instrumentation	method	compared	to	those	such	as	optical	methods,	that	ensures	lower	cost	
and	 power	 consumption.	 Electrical	 methods	 were	 chosen	 for	 this	 project	 because	 these	
methods	are	ideally	suitable	for	implementation	of	label-free	detection	approaches,	giving	a	
number	 of	 advantages	 for	 the	 biomedical	 assay.	 Some	 important	 advantages	 include	
elimination	of	sample	modification,	avoiding	the	influence	of	labels	on	the	binding	property,	
and	 above	 all	 the	 possibility	 of	 real-time	 monitoring	 of	 binding	 interactions.	 Field-effect	
25	
	
transistors	 (FET)	 are	 the	 most	 common	 among	 such	 biosensors	 that	 uses	 impediametric	
measurements	 instead	 of	 DC	 because	 it	 offers	 better	 signal	 to	 noise	 ratio	 as	 well	 as	 the	
possibility	of	changing	an	additional	important	parameter;	frequency.		
	 Ideally	an	FET	contains	source	and	drain	electrodes,	a	semiconducting	channel	and	a	gate	
electrode.99	 Applied	 gate	 voltage	 (VG)	 modulates	 electrical	 transport	 through	 the	
semiconducting	 channel.	 The	 gate	 will	 regulate	 the	 electric	 field	 generated	 vertical	 to	 the	






















Research	 indicates	 that	 a	 liquid	 electrochemical	 gated	 configuration	 is	 much	 more	
promising	 when	 it	 comes	 to	 medical	 diagnostics	 because	 of	 its	 ability	 to	 detect	 analytes	
directly	 in	 biological	 units.	 This	 reduces	 the	 possibility	 of	 contamination	 of	 substances	 as	
well	as	a	decrease	in	risks	of	illness	occurring	from	sample	interactions.	In	a	liquid	gate	FET,	
such	as	 the	one	used	 for	 this	project,	 the	device	 is	 immersed	 into	 the	 liquid	containing	 the	
biological	 sample,	 and	 the	 reference	 electrode	 is	 used	 to	 apply	 the	 gate	 voltage.	 The	
conductivity	of	the	system	as	a	function	of	the	charge-carrier	concentration	is	the	basis	of	the	






influences	 the	 interfacial	 potential	 and	 thus	 affecting	 the	 source-drain	 current.100	 With	
respect	 to	 bacteria	 detection	 on	 the	 surface	 of	 the	 electrode,	 the	 adsorption	 of	 additional	
charges	due	to	biorecognition	reactions,	such	as	binding	of	analyte	to	receptor	or	bacteria	to	
antibody,	 the	 changes	on	 the	 surface	of	 the	 semiconductor	 (SWNT)	will	 lead	 to	 changes	 in	
transport	 characteristics	 of	 the	 device.	 These	 changes	 that	 occur	 can	 also	 be	 detected	 by	
measuring	the	source-drain	current.101					
The	method	 that	 is	 used	 to	 detect	 the	 changes	 in	 the	 transport	 characteristics	 stated	
above	for	the	FET	is	impedance	measurements.	Impedance	(Z)-	is	equivalent	to	resistance	for	
an	AC	circuit.	It	describes	the	voltage	to	current	ratio	as	well	as	the	phase	difference	between	
the	 two	 parameters.102	 Electrochemical	 impedance	 spectroscopy	 (EIS)	 is	 a	 standard	















a	 current	 at	 a	 given	 frequency,	 and	 unless	 the	 impedance	 is	 purely	 resistive	 it	 will	 be	 a	
complex	quantity,	which	can	be	graphically	shown	on	a	vector	plane.103	An	impedance	vector,	







spectrum.	 This	 collected	 data	will	 contain	 a	 great	 deal	 of	 information	 about	 the	 electrode	
surface	of	the	device.	It	will	be	crucial	for	understanding	the	mechanism	of	sensing	as	well	as	
identifying	the	parameters	best	set	for	obtaining	the	highest	sensitivity	and	selectivity.		
The	 main	 reason	 for	 using	 EIS	 in	 biosensors	 is	 that	 it	 provides	 very	 accurate	
measurements	of	changes	to	a	surface	caused	by	molecular	attachments.	For	EIS	biosensing	
applications	there	are	two	main	forms	of	electrodes	to	be	noted.	The	first	is	the	interdigitated	
electrode	 (IDE),	 which	 has	 the	 ability	 to	 measure	 changes	 in	 the	 in-	 plane	 impedance	
between	 the	 two	 electrodes.	 This	 is	 typically	 non-Faradaic	 in	 nature	 and	 will	 show	 us	
changes	 in	 the	dielectric	or	 conductive	properties	of	 the	material	 coating	 the	electrodes.103	
The	 second	 electrode	 is	 commonly	 referred	 to	 as	 a	 functionalized	 electrode	 where	 the	
impedance	 between	 the	 electrode	 and	 the	 solution	will	 be	measured.	 Selectively	 attaching	
analyte	 molecules	 to	 a	 biosensor	 coating	 will	 change	 EIS	 responses.	 For	 this	 project	 EIS	
responses	will	 be	 observed	 in	 bare	 state,	 followed	 by	 the	 addition	 of	 a	 sensing	 layer,	 and	
finally	with	an	antibody	to	receptor	attachment.		
Impedimetric	 biosensors	 function	 by	 an	 analyte-bioreceptor	 interaction	 causing	 a	
change	in	capacitance	and	electron	transfer	resistance	across	a	working	electrode	surface	as	
shown	 in	 figure	 2.4.	 Previous	 studies	 theoretically	 show	 that	 as	 the	 concentration	 of	 the	
analyte	increases	with	respect	to	higher	analyte	binding,	the	impedance	across	the	electrode	
surface	changes	and	is	detected	at	a	transducer.	The	overall	impedance	is	seen	to	increase	or	
decrease	 depending	 on	 the	 analyte	 used.	 This	 electrical	 method	 in	 contrast	 to	 other	
electrochemical	detection	methods	requires	no	oxidation	or	reduction	process.	Hence,	even	
without	 the	 use	 of	 a	 mediator	 the	 range	 for	 possible	 analyte	 molecules	 broadens.	
Bioreceptors	used	in	these	cases	are	commonly	antibodies,	which	for	this	project,	antibody	
specific	to	bacteria	are	used.		
Electrochemical	 Impedance	 Spectroscopy	 has	 become	 a	 progressively	 attractive	
technique	 in	 many	 biosensing	 applications.	 The	 simplicity	 of	 the	 technique	 attracts	 many	
researchers	towards	this	concept,	however	some	disadvantages	lie	within	the	complexity	of	
the	mathematical	concept.	In	general,	the	aforementioned	impedance	denoted	as	(Z),	can	be	
correlated	directly	with	analyte	binding	 to	 a	biosensors	 surface.	 Z	 is	 recorded	over	a	wide	
range	of	frequency	(1Hz-1MHz)	with	respect	to	time,	where	two	other	major	components	are	
measured,	such	as	resistance	(R)	and	capacitance	(C).	Impedance	data	is	often	represented	as	
Nyquist	 plots,	which	 is	 how	 the	 data	 for	 this	 project	will	 be	 presented,	where	R	 or	 Zreal	 is	
28	
	


























Figure	 2.4:	 A	 schematic	 representation	 of	 the	 structure	 and	 electrochemical	 function	 of	
impedance-based	 biosensors	 for	 bacterial	 detection.	 A)	 Construction	 of	 a	 sensor,	 which	
typically	 comprises	 of	 an	 electrode	 surface	 functionalized	 of	 bio-receptors.	 The	 Randles	
circuit	illustrates	the	components	of	the	system	where	double-layer	capacitance	(Cdl),	charge	







frequency.	 At	 high	 frequencies,	 the	 major	 component	 of	 impedance	 is	 derived	 from	 the	
resistance	 of	 the	 solution	 (solution	 resistance	 [Rs]),	 and	 at	 low	 frequencies,	 impedance	 is	
measured	from	the	resistance	of	the	flow	of	electrons	or	charge	to	electrode	surface	(charge	
transfer	 resistance	 [Rct].	 The	 derived	 impedance	 plot	 can	 then	 be	 translated	 into	 an	
equivalent	 circuit	 model	 proposed	 by	 Randles.	 Changes	 occurring	 on	 the	 surface	 of	 the	
electrode,	 either	 by	 analyte	 binding	 or	 layer-by-layer	 construction	 can	 be	 plotted	
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of	 the	 results	 allows	us	 to	mathematically	 extract	 the	 resistance	and	 capacitance	 from	Zreal	
and	 Zimg.	 Using	 Matlab,	 mathematical	 simulation	 software,	 the	 resistance,	 capacitance	 and	































	 Device	characterization	is	very	 important	throughout	all	 fabrication	processes	to	ensure	
all	protocols	are	working	properly.	As	mentioned	above,	the	best	and	easiest	way	to	ensure	
flawless	nanotubes	in	a	SWNT	film	is	to	measure	the	film’s	Raman	spectrum.	Figure	2.5	is	a	






















Figure	 2.5:	 A	 Raman	 spectra	 of	 a	 SWNT	 film	 taken	 after	 growth,	 after	 transfer	 and	 after	
patterning	on	a	SiO2	wafer.		
	
	 The	 aforementioned	 synthesis	 technique	of	 single	walled	 carbon	nanotubes	 results	 in	 a	
random	and	uncontrolled	growth	due	to	the	nature	of	the	catalyst	deposition	process	on	the	
wafer.	However,	the	main	conclusion	that	is	made	after	Raman	analysis	conducted	on	every	
growth	 as	 shown	 in	 figure	2.5,	 is	 that	 all	 the	 fabrications	 steps	 that	 lead	up	 to	 a	 finalized	
sensing	device	are	successful.	As	shown,	it	is	clear	that	all	the	steps	required	for	a	successful	
SWNT	 transfer	 did	 not	 cause	 any	 damages	 to	 the	 SWNTs.	 In	 addition	 to	 the	 unsystematic	
nature	of	the	catalyst	cocktail	deposition,	there	is	also	no	control	over	the	individual	radius	
of	the	nanotubes	as	well	as	electric	properties.	Statistically,	because	of	randomization	of	the	





	 The	 Raman	 spectrum	 of	 a	 SWNT	 film	 gives	 us	 enough	 information	 to	 conclude	 that	
SWNTs	are	indeed	present	throughout	the	film.	The	location	and	intensity	at	peaks	120cm-1	
to	 250cm-1	 denoted	 as	 the	 radial	 breathing	mode	 (RBM)	 range,	 are	 subsequently	 random	




























	 Some	 key	 things	 to	 note	 based	 off	 these	 results	 are	 the	 fact	 that	 after	 all	 fabrication	
processes	the	SWNT’s	were	not	damaged	in	anyway.	They	were	consistent	and	present	from	
the	 growth	 step	 to	 the	 final	 device	 fabrication.	 The	 only	 changes	 in	 peak	 intensities	were	
observed	when	 the	 laser	of	 the	Raman	was	at	 a	different	 location	on	 the	SWNT	 film.	After	
determining	the	successful	growth	of	SWNT’s,	the	transfer	and	the	patterning,	the	next	step	
was	 to	determine	 the	density	of	 the	 films.	 It	was	observed	 that	 the	 center	of	 the	 substrate	











































b)	 indicating	 that	 the	 catalyst	 used	was	 a	 typical	 non-diluted	 catalyst	 that	was	 capable	 of	
promoting	additional	SWNT	growth.	Nanotube	bundling	is	evident	in	both	images,	which	is	a	
consequence	 of	 the	 random	 placement	 of	 catalyst	 nanoparticles	 on	 the	 substrate	 prior	 to	
growth	via	spin	coating.		The	reason	behind	figure	2.7b)	is	the	theory	behind	recent	studies,	
which	 demonstrates	 that	 the	 lower	 density	 SWNTs	 are	 capable	 of	 achieving	 higher	





films	 are	 more	 dependent	 on	 semiconducting	 tubes,	 which	 in	 turn	 are	 more	 sensitive	 to	
energy	shifts	at	the	Fermi	level.	Based	off	of	these	theories	and	experimental	work,	the	tubes	
used	 to	 fabricate	 the	 devices	 in	 this	 project	 were	 modeled	 after	 these	 films	 so	 that	 the	
enhanced	sensitivity	can	be	utilized.		
AFM	 measurements	 are	 also	 used	 to	 study	 the	 individual	 nanotube	 diameter.	 A	
disadvantage	 of	 using	 the	 disposable	 substrate	 is	 that	 the	 nanotube	 diameter	 is	 not	
measureable	due	to	the	roughness	of	the	surface	under	the	AFM.	In	order	to	understand	the	
diameter	 of	 the	 tubes	 after	 transfer	 onto	 the	 disposable	 substrate,	 the	 same	 protocol	was	
conducted	but	with	a	silicon	substrate.	The	AFM	measurements	on	the	silicon	substrate	show	
an	 average	 diameter	 between	 1.8nm-3.6nm.	 The	 higher	 end	 of	 the	 radii	 indicates	 the	
probability	 of	 having	 a	 bundle	 of	 nanotubes	 present	 on	 the	 film.	With	 radii	 numbers,	 and	
similar	height	profiles	with	large	height	variations,	as	well	as	stacking	and	curvature	of	the	
tubes	indicates	that	single	walled	nanotubes	are	in	fact	present	on	the	films.		
With	 results	 from	Raman	 spectrum	shown	 in	 figure	2.5	and	 figure	2.6	 as	well	 as	AFM	
images	 shown	 in	 figure	 2.7,	 it	 has	 been	 confirmed	 that	 the	 nanotubes	 used	 for	 the	






















purpose	 of	 this	 test	 was	 to	 ensure	 proper	 SWNT	 fabrication	 had	 occurred	 and	 that	 the	
electrochemical	 response	was	not	 from	the	gold	surface	below	but	 from	the	SWNT	 film.	 In	



































impedance	 measurements	 on	 these	 substrates,	 a	 small	 sinusoidal	 AC	 voltage	 of	 5mV	 is	
applied,	 and	 the	 current	 response	 was	 determined.	 The	 in-phase	 current	 response	
determines	 the	 real	 (resistive)	 component	 (x-axis)	 and	 the	 out-of-phase	 current	 response	
determines	the	imaginary	(capacitive)	component	(y-axis).	It	is	important	that	the	AC	probe	
voltage	 is	 small	 enough	 so	 that	 the	 system	 response	 is	 linear,	 allowing	 simple	 equivalent	
circuit	 analysis.	 The	 impedance	 method	 in	 this	 case	 is	 very	 powerful	 in	 the	 sense	 that	 it	
allows	 the	characterization	of	physiochemical	processes	of	widely	differing	 time	constants,	
sampling	 electron	 transfer	 at	 high	 frequency	 and	 mass	 transfer	 at	 low	 frequency.102	
Impedance	 results	 are	 commonly	 fitted	 to	 equivalent	 circuits	 of	 resistors	 and	 capacitors,	
such	 as	 the	 aforementioned	Randles	 circuit	 shown	 in	 figure	2.8b),	which	 is	 often	 used	 to	
interpret	 simple	 electrochemical	 systems	 such	 as	 a	 simple	 DI	water	 test	 to	 determine	 the	
basic	 resistance	 and	 capacitance	 of	 the	 overall	 system.	 This	 equivalent	 circuit	 yields	 the	
Nyquist	plot	shown	in	figure	2.8c),	which	provides	a	visual	insight	into	the	system	dynamics.	
In	figure	2.8c),	which	is	a	schematic	representation	of	the	data	shown	in	figure	2.8a),	the	Rct	
is	 the	 charge	 transfer	 resistance,	 which	 is	 inversely	 proportional	 to	 the	 rate	 of	 electron	
transfer.	The	Cd	 is	 the	double	 layer	 capacitance,	and	 the	Rs	 is	 the	 solution	 resistance.	Zw	 in	
this	 case	 is	 the	Warburg	 impedance,	 which	 arises	 from	 the	mass-transfer	 limitations.	 The	
Warburg	impedance	is	only	seen	at	the	low	frequency	range	where	mass	transfer	limitations	
occur,	which	can	be	seen	for	bare	gold	electrodes,	however	this	is	not	seen	when	there	is	an	
addition	 of	 a	 SWNT	 because	 of	 the	 frequency	 range	 being	 much	 lower.	 For	 bare	 gold	
electrodes	 in	 DI	 water,	 the	 range	 is	 limited	 to	 1MHz	 to	 10mHz,	 however	when	 there	 is	 a	





	 The	overall	shift	 in	resistance	tends	to	vary	with	 the	addition	of	a	SWNT	film	 indicating	
that	there	is	a	change	in	sensitivity	of	the	sensor.	With	a	change	in	sensitivity	of	the	sensor,	
meaning	 signal	 amplification,	 the	possibility	 of	 detecting	 a	 lower	 concentration	of	 bacteria	
becomes	possible.	 Studies	have	 shown	 that	 a	 gold	plated	 electrode	 for	 sensing	E.	coli	K-12	
bacteria	has	a	detection	limit	of	104-107	cfu/mL.104	With	the	addition	of	a	SWNT,	the	limit	of	










































release	 some	 electrochemical	 active	 composites	 to	 DI	 Water,	 which	 is	 seen	 through	 the	
Warburg	 impedance,	 however	 this	 information	 is	neglected	because	of	 the	material	 that	 is	
provided	 at	 high	 frequency.	 Recent	 studies	 and	 literature	 indicates	 that	 the	 impedance	
response	measured	at	a	fixed	frequency	of	1kHZ	as	a	function	of	time	provides	clear	enough	
evidence	of	ion	release	from	cells	that	decreases	the	impedance.105	Studies	also	show	that	the	
two	 major	 regions	 that	 indicate	 major	 impedance	 responses	 to	 various	 solution	












































𝑍>?>&I = 𝑍JK + 𝑍JLM 	 															Equation	8	
	
	 Electrical	 conductivity	 is	 the	measure	of	 a	materials	 ability	 to	 allow	 the	 transport	of	 an	
electric	charge	represented	by	units	S/m	(siemens	per	meter).	For	a	given	electric	field	in	a	
material,	 a	 higher	 conductivity	 material	 will	 produce	 more	 current	 flow	 than	 a	 low	
conductivity	 material.	 Conductivity	 is	 analogous	 to	 the	 inverse	 of	 resistance.	 Electrical	
conductivity,	which	 is	 reciprocal	 to	 electrical	 resistivity,	 an	object	of	uniform	cross	 section	
has	 a	 resistance	 proportional	 to	 its	 resistivity	 and	 length	 and	 inversely	 proportional	 to	 its	
cross-sectional	area.	With	respect	to	water,	conductivity	is	a	measure	of	water’s	capability	to	
pass	 electrical	 flow.	 This	 ability	 is	 directly	 related	 to	 the	 concentration	 of	 ions	 present	 in	
water.	 These	 conductive	 ions	 come	 from	 dissolved	 salts	 and	 inorganic	 materials	 such	 as	
alkalis,	 chlorides,	 sulfides	 and	 carbonate	 compounds.	 Deionized	 water	 is	 a	 poor	 electrical	
conductor,	 having	 a	 resistivity	 of	 18.2	 megohm	 and	 a	 conductivity	 of	 0.055	 μS.106	 Milli-Q	
water	that	has	been	purified	using	an	ion	exchange	cartridge,	has	a	value	much	greater	than	
18.2	 MΩ.106	 Due	 to	 the	 relationship	 between	 conductivity	 and	 resistance,	 the	 lower	 the	
conductivity	 the	 higher	 the	 resistance	 and	 the	 overall	 change	 conductivity	 has	 on	 the	
absolute	 impedance,	 the	 conductivity	 of	 the	 samples	 must	 be	 kept	 constant.	 Figure	 2.11	
shows	 the	difference	between	 the	 impedance	of	DI	water	and	Milli	Q	water.	 It	 can	be	seen	
that	the	Milli	Q	water	has	a	much	greater	overall	resistance	than	DI	Water	(Table	2.2).		
Table	2.2:	Resistance	and	Capacitance	of	Milli-Q	water	compared	to	DI	Water		
	 Rs	 Rct	 Cdl	
Milli-Q	Water	 218.6	 1603	 7.655e-08	



























for	 the	 SWNT	sensors	due	 to	 its	 lower	 resistance	 value.	 Second,	 the	 conductivity	 of	 the	DI	












conclude	 any	 further	 changes	 to	 the	 resistance	 or	 capacitance	 of	 the	 SWNT.	 From	 the	wet	
state,	the	devices	then	undergo	whole	pH	testing.		
2.4.3	pH	Sensing		
	 Changing	 the	 solution	 that	 is	 being	 tested	 between	 various	 buffered	 solutions	 is	 the	
easiest	way	to	study	the	variations	that	occur	at	the	surface	of	the	SWNT.	When	comparing	
larger	 capture	 biomolecules	 such	 as	 proteins	 and	 bacteria,	 that	 has	 varying	 charges	 along	
their	 primary	 structure,	 ions	 are	 small	 molecules	 of	 constant	 charge.	 A	 constant	 surface	
charge	density	can	be	achieved	for	SWNTs	substrates	by	varying	the	pH	of	the	solution.	By	
controlling	 the	 electrostatic	 nature	 of	 the	 environment	 such	 as	 water	 to	 pH	 buffers	 to	
bacteria,	 comparison	 between	 different	 devices	 becomes	 straightforward	 and	 the	 specific	
sensing	mechanism	can	be	determined.		




decreases	 with	 an	 increase	 in	 pH	 levels.110-114	 Studies	 also	 show	 that	 a	 change	 in	 ionic	
strength	also	causes	a	shift	in	pH	responses.	Electron	transfer	after	adsorption	of	H+/OH-	ions	




Based	 on	 the	 overall	 structure	 of	 the	 defective	 SWNTs,	 an	 opposite	 trend	 can	 easily	 be	
observed	 in	 comparison	 to	 the	 faultless	 tubes.	 Device	 fabrication	 steps	 involve	 many	
different	surfactants,	acid	washes	and	cleaning	processes	 that	could	all	contribute	 to	 faulty	
interactions	between	SWNTs	and	the	ions	present	in	pH	experiments.	However,	there	is	no	
clear	indication	as	to	why	many	different	studies	have	reported	contradictory	pH	dependent	
resistance	 responses.	 When	 it	 comes	 to	 the	 impedance	 of	 pH	 experiments	 on	 carbon	
nanotubes,	 the	 study	 of	 the	 change	 in	 capacitance	 and	 resistance	 is	 lacking.	 Some	 reports	
have	shown	that	with	an	increase	in	pH	levels,	there	is	an	increase	in	resistance.	Studies	have	
also	reported	 that	with	an	 increase	 in	 ionic	strength,	 resistance	also	 tends	 to	vary.	Despite	
these	 findings,	 there	 has	 yet	 to	 be	 a	 detailed	 study	 on	 the	 impediametric	 response	 to	 pH	
changes	 that	 nanomaterials	 based	 biosensors	 undergo.	 This	 study	 however	 is	 a	 detailed	





	 A	 previous	 study	 conducted	 on	 SWNT	 based	 devices	 prior	 to	 SWNT	 based	 portable	




this	 case	 is	 chemical	 doping.	 This	 study	 however	 required	 a	 further	 understanding	 of	 the	
changes	 in	 parameters	when	 SWNT	 biosensors	were	 subjected	 to	 environmental	 changes.	
Figure	 2.12	 is	 a	 representation	 of	 the	 change	 that	 occurs	 when	 a	 SWNT	 biosensor	 was	
subjected	to	DI	Water,	followed	by	pH	4,	7	and	10	PB	buffers	through	a	microfluidic	channel.	




























pH.	 Beginning	 in	 dry	 state,	 a	 stable	 current	 is	 seen	 due	 to	 gasses	 in	 ambient	 conditions	
requiring	very	 little	 time	 to	arrange	on	 the	surface	of	 the	nanotube	once	a	drain	voltage	 is	
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applied.	Once	DI	water	 is	 introduced,	 an	 instant	decrease	 is	observed	 in	 the	drain	 current,	
which	 has	 been	 recognized	 as	 the	 water	 surrounding	 the	 nanotubes	 that	 is	 altering	 the	
electric	 field	and	doping	 the	pi	network	of	 the	SWNT.21	After	DI	Water,	pH	4	 is	 introduced	
which	can	be	seen	to	increase	the	resistance,	followed	by	DI	water	again	causing	a	decrease	
in	 resistance,	 followed	by	 the	same	pattern	 for	pH	7	and	10	with	an	 increase	 in	 resistance	
every	time.	Theory	behind	this	suggests	that	the	reason	for	an	increase	in	resistance	with	an	
increase	 in	pH	 is	most	 likely	due	 to	 the	doping	 affect	 of	H+/OH-	 ions	 on	 the	 surface	 of	 the	
nanotubes.	Although	this	test	shows	a	significant	amount	of	stability	issues,	this	test	clearly	
shows	that	the	nanotubes	are	capable	of	 immediately	sensing	an	electrochemical	change	in	
their	 environment.	 In	 order	 to	 fix	 stabilization	 issues	 and	 to	 delete	 the	 noise	 that	 is	
experienced	throughout	the	test,	a	much	more	stable	solution	was	required.	For	this	reason,	





that	 provides	 an	 instant	 kinetic	 response	 to	 change	 in	 resistance.	This	 concept	 however	 is	
not	the	case	for	E.coli	sensing.	The	antibody	required	for	binding	and	the	E.coli	both	have	an	
incubation	 time	 of	 approximately	 1hr,	 which	 once	 completed	 can	 only	 then	 undergo	 a	
response	test.	Due	to	this	long	incubation	period,	a	kinetic	test	was	not	conducted	as	it	would	
have	 not	 been	 a	 good	 representation	 between	pH	 testing	 and	 bacteria	 sensing.	 Incubation	
times	 for	 bacteria	 and	 the	 binding	 time	 for	 antibody	 to	 the	 surface	 of	 the	 sensor	 can	 vary	
depending	on	the	concentrations.	A	higher	concentration	would	require	a	longer	incubation	
time	hence	making	it	difficult	for	a	kinetics	test	that	can	be	similar	to	that	of	the	pH	testing.	
The	 impedance	 tests	 shown	below	 for	 bacteria	 sensing	 however	 does	 show	 the	 difference	
between	no	incubation	time	followed	by	a	1hr	incubation	time.						
	 Figure	 2.13	 is	 the	 exact	 test	 conducted	 above	 but	 instead	 of	 using	 a	 current	 vs	 time	
measurement	to	study	the	resistance	change,	an	impedance	measurement	was	taken.	In	this	
case	 instead	of	 a	10mV	current	 applied,	 only	5mV	was	 required	 in	order	 to	 achieve	 stable	
results.		A	consistent	direction	of	resistance	responses	to	pH	change	for	device	A	and	C	can	be	
seen	 in	 figure	 2.13.	 There	 are	 a	 few	 things	 to	 take	 out	 of	 these	 results.	 The	 first	 is	 the	
stability	of	the	sensors	that	can	be	seen	from	the	smooth	curve	for	DI	Water,	pH	4,	7	and	10.	
Second	 is	 the	 clear	 pattern	 that	 shows	 an	 overall	 increase	 in	 the	 total	 resistance	 with	 an	
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increase	 in	 pH	 level.	 It	 is	 also	 important	 to	 note	 that	 the	 conductivity	 of	 the	 buffered	
solutions	was	kept	constant	due	to	the	phenomena	that	the	conductivity	directly	affects	the	
resistance.	 This	 can	 also	 be	 seen	 in	 figure	 2.13,	which	 shows	 that	 the	 Rs	 of	 DI	 Water	 is	
































































		 From	 figure	2.13,	 the	 first	 series	 of	 impedance	 tests	 conducted	 on	 SWNTs	 sensors,	we	
were	 able	 to	 conclude	 that	 changes	 in	 environment	 does	 in-fact	 alter	 the	 change	 in	
impedance	 of	 the	 sensors.	 From	 the	 change	 in	 impedance	 we	 were	 able	 to	 calculate	 the	
change	 in	 solution	 resistance,	 charge	 transfer-resistance	 as	 well	 as	 the	 double	 layer	
capacitance	of	 the	SWNT	sensor.	The	values	 for	 these	parameters	can	be	seen	 in	 table	2.3	
below.	It	is	important	to	note	that	the	dry	state	resistance	for	sensor	A	and	B	varies.	Due	to	













Table	 2.3:	 Solution	 resistances,	 Charge	 transfer	 resistance	 and	 double	 layer	 capacitance	 of	
Sensors	A	and	B	in	solutions	DI	water,	pH	4,	7	and	10.		
	
	 Table	2.3	shows	the	values	of	 three	 important	parameters	when	studying	 the	effects	of	
the	 environment	 to	 SWNT	biosensors.	The	pattern	observed	 in	 this	 case	 indicates	 that	 the	
buffer	solution	resistance	 for	both	sensor	A	and	B	decreases	 from	pH	4	 to	pH	10,	however	
the	 solution	 resistance	 for	 DI	 water	 varies.	 The	 charge	 transfer	 resistance	 for	 sensor	 A	
increases	 from	pH	4	 to	pH	10	but	pH	7	 replicates	 the	charge	 transfer	 resistance	 similar	 to	
that	of	DI	Water.	For	sensor	B	the	charge	transfer	resistance	for	the	pH	buffers	increases.	In	
other	 words,	 the	 solution	 resistance	 decreases	 as	 the	 pH	 levels	 increase,	 but	 the	 charge	
transfer	resistance	increases	as	the	pH	levels	increase.	Therefore	for	the	total	resistance,	the	
pattern	observed	is	similar	to	what	we	see	in	literature	that	the	total	resistance	increases	as	
the	 pH	 levels	 increase.	 An	 interesting	 pattern	 was	 observed	 with	 the	 double	 layer	





and	B	 as	well	 as	 the	 fact	 that	 conductivities	were	 kept	 as	 constant	 as	 possible	 in	 order	 to	
understand	the	change	in	resistance	to	the	SWNTs.	Ideally,	there	shouldn’t	be	much	change	
in	the	double	layer	capacitance	of	the	SWNT	due	to	the	fact	that	there	are	no	additional	ions	
present	 in	 solution	 but	 only	 a	 variance	 in	 H+/OH-	 ions.	 For	 this	 reasons,	 not	 observing	 a	
pattern	 for	 a	 chance	 in	 double	 layer	 capacitance	 agrees	 with	 theory	 and	 many	 literature	
reviews.		
	 In	order	 to	understand	 the	complete	effect	of	pH	 levels	on	SWNT	sensor	resistance	and	
capacitance,	 a	much	more	detailed	 study	was	 conducted	 that	 involved	 the	 full	 range	of	pH	
buffers.	 	 For	 these	 tests	 as	 well	 as	 for	 the	 basic	 test	 of	 DI	Water,	 pH	 4,	 7	 and	 10,	 device	
fabrication	was	kept	consistent.	After	conducting	the	basic	DI	water,	pH	4,	7	and	10	tests	to	



































ensure	 proper	 fabrication	 of	 the	 sensors	 and	 to	 rule	 out	 any	 faultiness	 of	 the	 sensors,	 pH	






























































the	 next	 pH	 level.	 It	 can	 be	 seen	 that	 the	Rs	 value	 of	 all	 the	 pH	 levels	 are	 almost	 identical	
indicating	 that	 the	 conductivity	 of	 the	 solutions	 are	 also	 alike.	 The	 Rct	 of	 any	 impedance	
spectra	 is	measured	 by	 the	 addition	 of	 the	 RAu	(electrode)	 +	 Rsens	 +	 Ranal.	 The	 resistance	 at	 the	
interface	between	the	electrode	and	sensing	layer	is	typically	negligible.	The	measurement	of	























	 The	 results	 shown	 in	 figure	 2.14	 were	 conducted	 multiple	 times	 to	 ensure	
reproducibility,	 stability	 and	 the	 quality	 of	 the	 SWNT	 sensors.	 For	 confirmation	 of	 these	
properties	for	all	the	sensors	fabricated,	pH	buffers	4,	7	and	10	were	introduced	prior	to	any	
further	 bacteria	 sensing.	 In	 addition	 to	 ensure	 proper	 fabrication	 of	 the	 sensors,	 it	 was	
observed	that	the	introduction	of	the	pH	buffers	chemically	dopes	the	SWNTs,	amplifying	the	
signal	 of	 the	 test	 strips.	 Chemical	 doping	 is	 thought	 to	 be	 the	 dominant	mechanism	 in	 pH	




the	 molecule.21	 Being	 p-type	 in	 nature,	 nanotubes	 that	 interact	 with	 oxidizing	 molecules	
shown	an	increase	in	conductance	resulting	from	depletion	of	the	electros	from	the	valence	



























	 Section	1.3	 has	 already	proven	 that	 there	are	multiple	proposed	 sensing	mechanisms	 to	
explain	and	understand	when	 it	 comes	 to	electrical	 responses	of	SWNT	based	sensors	 that	
vary	 in	 electrochemical	 conditions.	 Between	 the	 two	 sensing	 mechanisms	 that	 were	
discussed,	 there	 lies	 a	 great	deal	 of	 overlap	 that	makes	 isolating	 the	different	mechanisms	
difficult.	However,	the	main	difference	between	the	two	sensing	mechanisms	that	separates	
them	from	one	another	comes	from	the	method	of	experimental	sensing.	When	it	comes	to	
chemical	doping,	 there	 is	an	adsorption	of	H+/OH-	 ions	to	the	surface	of	 the	nanotube.	This	
adsorption	of	 ions	corresponds	to	the	experimental	method	used	where	the	pH	buffers	are	
introduced	to	the	surface	of	the	nanotube	for	a	certain	period	of	time	and	then	washed	off.	
This	 on	 and	 off	method	 allows	 for	 sensing	 to	 occur	when	 the	 surface	 becomes	 chemically	
doped	 with	 the	 buffers.	 The	 method	 of	 electrostatic	 gating	 is	 slightly	 different.	 For	 this	
mechanism	 to	 be	 the	 primary	 sensing	mechanism,	 there	would	 be	 a	 charge	 build-up	 on	 a	
dielectric	 layer	present	on	 the	SWNT	with	no	direct	 contact	with	 the	SWNT,	 introduces	an	
electrical	 potential	 that	 then	 shifts	 the	 fermi	 level	 of	 the	 SWNT.	 Since	 this	 is	 not	 the	 case	
experimentally,	 chemical	doping	 is	deemed	 to	be	 the	sensing	mechanism	over	electrostatic	

















	 This	 chapter	 discusses	 the	 importance	 of	 real-time,	 point	 of	 care	 bacteria	 detection	
needs	 and	 the	use	of	 the	previously	mentioned	 fabricated	 SWNT	disposable	 substrates	 for	
this	 demand.	 Chapter	 1	 and	 2	 illustrated	 that	 SWNTs	 are	 in-fact	 capable	 of	 real-time	 and	
ultrasensitive	 detection	 of	 bacteria	 and	 with	 this	 in	 mind,	 the	 aim	 of	 this	 project	 was	 to	
introduce	 Escherichia	 Coli	 (E.Coli)	to	 the	 successfully	 fabricated	 SWNT	 substrates	 for	 real-
time,	point	of	care	bacteria	detection.	In	this	study,	fabricated	SWNT	sensors	are	treated	with	
antibody	 reagents	 followed	by	blocking	 agents	 for	 elimination	of	 non-specific	 binding,	 and	
then	E.coli	K-12.	Surface	modification	in	SWNT	biosensors	is	specifically	used	so	that	there	is	
a	decrease	in	non-specific	binding	of	the	various	molecules	to	the	transducing	component.	In	
this	 work,	 antibody	 Anti-E.coli	 LPS	 specific	 for	 E.coli	K12	 MG1655	 is	 immobilized	 to	 the	
surface.	 Triton	 X-100	 is	 dispersed	 onto	 the	 SWNT’s	 for	 protection	 of	 the	 SWNT’s	 surface	
against	 non-specific	 binding	 of	 analyte	 to	 receptor	 molecules.	 Electrochemical	 impedance	
measurements	are	conducted	on	 the	prepared	substrates	and	 the	change	 in	resistance	and	
capacitance	with	respect	to	change	in	solution	environment	is	studied	and	reported	below.		
3.1	Introduction	to	bacteria	sensing	
Escherichia	 coli	 (E.coli),	most	 commonly	 known	 as	 E.coli,	 refers	 to	 a	 large	 group	 of	
bacteria	 that	 is	 generally	 found	 in	 the	 intestines	 of	 humans	 and	 animals,	 typically	 through	








































	 Figure	3.1	 is	 a	 representation	 of	what	 an	E.coli	 bacterium	 looks	 like.	 It	 is	 important	 to	





be	 grown	 and	 cultured	 easily	 and	 inexpensively	 in	 a	 laboratory	 setting,	 and	 has	 been	
intensively	 investigated	 for	 over	 60	 years.	 Optimum	 growth	 occurs	 at	 approximately	 37°C	








patient	 recovering	 from	diphtheria.115	 Unlike	wild-type	 strains,	 K-12,	 has	 lost	 its	 ability	 to	
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thrive	 in	 the	 intestine	and	 is	known	to	protect	wild-type	strains	 from	antibodies	and	other	
chemical	attacks.	Because	of	this,	by	1997,	the	entire	genome	of	K-12	was	sequenced.	With	




devices	 to	 date	 are	 limited	 to	 use	 in	 emergency	 rooms	 because	 of	 their	 sample	 volume	
requirements.	Household	devices	on	the	other	hand	would	allow	for	people	to	monitor	their	
intake	 of	 samples	 that	 would	 contain	 such	 bacteria	 in	 order	 to	 confidently	 determine	 the	
likelihood	of	them	becoming	ill	due	to	bacteria	contamination.	By	allowing	for	this	freedom	
of	 monitoring	 our	 own	 sample	 intake,	 the	 likelihood	 of	 bacteria	 caused	 illnesses	 would	
decrease	significantly.	The	prevention	of	bacteria	borne	illnesses	would	not	only	save	many	
lives,	 but	 also	 save	 money	 and	 time	 from	 individuals	 filling	 up	 the	 ER.	 This	 type	 of	





	 The	 aim	 of	 this	 project	 was	 to	 realize	 a	 disposable	 SWNT	 sensor	 that	 is	 capable	 of	
detecting	cfu/mL	concentrations	of	bacteria.	The	fabrication	process	for	the	SWNT	sensor	is	




chapter	1.	Through	non-covalent	binding,	 the	antibodies	are	adsorbed	to	 the	surface	of	 the	
SWNT	 after	 an	 hour	 of	 incubation.	 After	 incubation,	 the	 SWNT	 sensor	 is	washed	 using	 DI	
water	 in	 order	 to	 eliminate	 any	 unbound	 antibodies	 and	 then	 nitrogen	 dried.	 Prior	 to	
blocking,	an	impedance	spectrum	is	taken	to	ensure	complete	saturation	of	the	antibody	to	
the	surface	of	the	SWNT.	Anti-E.coli	LPS	was	the	antibody	used	for	E.coli	K-12.	After	antibody	
immobilization,	 blocking	 agent	 Triton	 X-100	 is	 dispersed	 on	 the	 surface	 of	 SWNT	 for	
approximately	1	hr.	This	process	ensures	that	only	specific	binding	occurs	between	receptor	








previously	 is	 Anti-E.coli	 LPS	 specific	 for	 the	 strain	 of	 bacteria	 used	 in	 this	 study	 K-12	
MG1655.	 In	 addition	 to	 the	 original	 K-12	 stock,	 pGlo	 glycerol	was	 added	 to	 the	 culture	 in	
order	 to	 visualize	 the	 bacteria	 cells	 under	 fluorescence.	 It	 is	 important	 to	 note	 that	 the	
addition	of	pGlo	does	not	alter	the	size	or	shape	of	the	bacteria	in	any	way	and	therefore	does	
not	alter	the	results	obtained	in	these	experiments.		




reaches	 and	 hence	 increases	 the	 interface	 impedance,	 and	 thus	 determines	 the	 resulting	
sensor	 signals.	 By	 measuring	 the	 impedance	 between	 each	 immobilization	 step,	 a	
comparison	from	the	prior	step	is	studied	in	order	to	determine	any	changes	to	the	surface.	
Figure	3.2	below	shows	the	affects	 that	each	step	has	on	 the	surface	of	 the	SWNT	after	DI	
water	and	pH	characterization.	A	very	important	factor	that	must	be	taken	into	account	when	





























































two	 different	 scenarios.	Figure	3.2a)	 is	 the	 positive	 control	 of	 bactria	 detection	 using	 105	









immobilization	 and	 antibody	 to	 bacteria	 binding.	 The	 first	 step	 of	 this	 test	 involved	 the	
introduction	of	DI	water	with	an	 instantaneous	 response	 time,	 followed	by	pH	buffers	4,	7	
and	 10,	 Antibody	 and	 blocking,	 and	 then	 bacteria.	 There	 are	 a	 few	 things	 that	 can	 be	
concluded	 from	 this	 test.	The	 first	 is	 the	 confirmation	of	 chemical	doping	occurring	on	 the	
surface	of	the	SWNT.	The	second	is	that	the	antibody	+	blocking	immobilization	is	successful	
by	seeing	an	increase	in	resistance	by	adding	to	the	surface	of	the	SWNT	and	lastly	bacteria	
detection,	which	 is	 also	 seen	 to	 cause	 an	 increase	 in	 total	 resistance	 of	 the	 SWNT	 sensor.	
With	an	increase	in	resistance	after	each	step,	the	results	are	directly	related	to	what	theory	
suggests	 that	 immobilization	 on	 the	 surface	 increases	 the	 charge	 transfer	 resistance	 each	
time.	 Table	 3.1	 shows	 the	 difference	 in	 Rs,	 Rct,	 and	 Cdl	 of	 the	 different	 steps	 in	 bacteria	
sensing.	Figure	3.2b)	is	the	negative	control	of	the	bacteria	detection	shown	in	a.	In	this	case	
following	the	same	protocol	except	with	the	elimination	of	the	antibody	step,	it	can	be	seen	
that	 the	 bacteria	 does	 not	 bind	 to	 the	 surface	 of	 the	 SWNT	 but	 that	 without	 the	
immobilization	of	 the	antibody	to	 the	surface,	bacteria	 is	 lost	and	the	resistance	decreases.	
This	confirms	that	antibody	immobilization	is	indeed	occurring	on	the	surface	of	the	SWNT	
and	the	resistance	of	 the	SWNT	is	 increasing	 for	each	step.	Table	3.2	 shows	the	resistance	
and	capacitance	values	for	this	test.		
	



































	 The	equivalent	 circuit	 for	 the	data	presented	above	 is	 identical	 to	 the	equivalent	 circuit	














the	 nyquist	 plots	 shown	 in	 figure	 3.2,	 extrapolation	 of	 the	 semi-circle	 yields	 that	 the	
diameter	of	 the	 semicircle	 is	 equal	 to	 the	 charge-transfer	 resistance.	Figure	3.2	 shows	 the	
nyquist	plot	of	 the	bare	SWNT	sensor	 in	DI	Water,	after	antibody	 immobilization	and	after	
E.coli	K-12.	 The	 charge	 transfer	 resistances	 (the	 diameters	 of	 the	 semicircle	 and	 values	
shown	 in	 table	 3.1)	 increase	 each	 step.	 The	 Rct	 of	 the	 electrode	 after	 antibody	
immobilization	 and	 cell	 binding	 was	 774Ω,	 1025Ω,	 and	 1229Ω,	 respectively.	 This	 result	
demonstrated	 that	 the	 charge-transfer	 resistance	 is	 a	 feasible	 parameter	 to	 measure	 the	
change	on	the	electrode	surface	due	to	immobilization	of	antibodies	and	the	binding	of	E.coli	
K-12.	Without	antibody	 immobilization	as	shown	 in	table	3.2,	 the	Rct	value	does	not	share	
the	same	increasing	pattern	as	it	does	with	the	antibody	immobilization.		
	 The	 equivalent	 circuit	 model	 also	 involves	 the	 double	 layer	 capacitance	 and	 theory	
suggests	that	there	should	be	a	change	in	Cdl	when	there	is	an	increase	in	cell	depth.	With	the	
attachment	of	antibodies	and	bacteria	to	the	cell,	theoretically	there	should	be	a	change	in	Cdl	
however	 this	 is	 not	 the	 case.	 The	 measured	 capacitance	 usually	 arises	 from	 the	 series	
combination	 of	 several	 elements,	 such	 as	 analyte	 binding	 to	 a	 sensing	 layer,	 on	 an	 Au	


























where	𝜀O 	is	 the	 dielectric	 constant	 of	 the	 dielectric	 layer	 and	 so	 capacitance	 and	 most	
sensitive	 to	 binding	 of	 large	 analytes,	 such	 as	 proteins	 and	 bacteria.	 The	 difficulty	 with	
capacitance	and	a	reason	why	it	is	difficult	to	get	a	change	in	value	can	be	due	to	the	fact	that	
their	 sensitivity	 depends	 on	 obtaining	 proper	 thickness	 of	 the	 original	 sensing	 layer.	With	
the	variation	in	SWNT	thickness	in	addition	to	the	antibody	and	bacteria	immobilization,	the	
sensitivity	of	the	electrode	surface	varies	each	time.	If	the	original	sensing	layer	is	too	thin,	
then	 the	 underlying	 electrode	 surface	 may	 be	 partially	 exposed,	 which	 allows	 for	 non-
specific	 interactions	 from	 interfering	 species.	 However,	 in	 the	 opposite	 case	 where	 the	
original	 sensing	 layer	 is	 too	 think,	 then	 the	 AC	 impedance	 current	 that	 is	 detected	 is	
dramatically	reduced,	as	is	the	change	in	capacitance	upon	analyte	binding.	Theoretically	in	
the	 case	 of	 this	 experiment,	 capacitance	 should	 increase	with	 the	 addition	 of	 the	 antibody	
and	large	bacteria	cells	however	this	is	not	observed	in	any	case.	In-fact,	almost	no	change	in	
capacitance	 is	 observed	when	 it	 comes	 to	 bacteria	 sensing.	 Most	 studies	 have	 spent	 their	
time	and	research	in	the	resistance	parameter	over	the	capacitance	and	this	could	be	due	to	
the	significant	complications	that	lie	within	the	double	layer	capacitance	of	biosensors.		
	 After	 confirmation	 of	 successful	 105cfu/mL	 detection	 of	 K-12,	 preliminary	 results	 have	
shown	that	the	possibility	of	lower	concentration	of	bacteria	can	be	detected	and	comparable	
only	 if	 the	 SWNT	 deposited	 on	 the	 substrate	 is	 identical	 to	 the	 others.	 A	 difference	 in	
thickness	of	the	tubes	will	alter	the	results	of	bacteria.	Figure	3.3	is	a	representation	of	the	
preliminary	results	of	bacteria	sensing	from	102-105	cfu/mL.	The	pattern	observed	for	these	
results	 differs	 from	 the	 results	 presented	 in	 figure	 3.2.	 In	 this	 case,	 the	 resistance	 was	
observed	 to	 have	minimal	 to	 almost	 no	 change	 but	 the	 double	 layer	 capacitance	 indicates	
that	 there	 is	 an	 increase	 with	 increase	 in	 analyte	 concentration.	 The	 reason	 behind	 this	
phenomenon	could	indicate	that	instead	of	the	bacteria	adding	thickness	to	the	sensing	layer,	













order	 to	determine	 the	 change	 in	 resistance	 and	 capacitance	 caused	by	 the	 a	difference	 in	
analyte	 concentration.	 Previous	 data	 indicated	 that	 there	 should	 be	 a	 visible	 change	 in	
resistance	with	respect	to	change	in	analyte	concentration	as	well	as	a	change	in	double	layer	
capacitance	with	 a	 change	 in	 analyte	 concentration.	 This	 however	 is	 not	 the	 case	when	 it	
comes	 to	 decreasing	 the	 concentration	 of	 bacteria.	 105cfu/mL	 was	 the	 successful	 limit	 of	
detection	 for	 this	 study	 but	 a	 much	 more	 detailed	 understanding	 of	 the	 double	 layer	
capacitance	is	required	before	decreasing	the	concentration	of	bacteria.		
	 Theoretically,	with	a	change	in	analyte	concentration	and	surface	immobilization	such	as	
antibodies	 binding	 to	 the	 surface	 of	 the	 nanotube,	 there	 should	 be	 a	 clear	 indication	 for	 a	
change	in	resistance	and	change	in	double	layer	capacitance	between	each	step.	For	instance,	
with	an	attachment	of	antibodies	to	the	surface	of	the	nanotube,	the	resistance	should	have	





































of	 the	 nanotubes.	 Without	 a	 strong	 binding	 between	 the	 antibodies	 to	 the	 surface	 of	 the	
nanotube,	 the	 wash	 stages	 between	 detection	 steps	 could	 potentially	 wash	 away	 the	
antibodies.	 There	 were	 no	 tests	 conducted	 to	 determine	whether	 or	 not	 antibody	 surface	
immobilization	was	successfully	completed.	An	electrochemical	test	did	determine	a	change	
in	resistance	but	not	enough	to	conclude	that	this	change	was	in	fact	due	to	antibody	surface	





























component	 in	 chemiresistive	 biosensors.	 The	 study	 involves	 confirming	 the	 underlying	




the	 ion’s	reducing/oxidizing	nature	are	 the	principle	reasons	 for	 this	conclusion.	Further	 it	
was	observed	that	as	the	pH	buffer	levels	increased,	the	total	resistance	also	increased.	This	
study	was	conducted	in	reverse	to	ensure	that	the	principle	reason	behind	this	change	was	
based	 on	 the	 difference	 in	 H+/OH-	adsorption	 sites.	 These	 results	 also	 concluded	 that	 no	
matter	what	order	of	pH	levels,	the	total	resistance	increases	with	an	increase	in	pH	levels.	
	 Fabrication	 of	 cost-effect,	 disposable,	 real-time	 and	 sensitive	 SWNT	 biosensors	 on	 PET	
substrates	is	realized	through	the	conclusion	of	this	work.	Using	impedance	methods	for	the	
detection	 of	 bacteria,	 this	 study	was	 able	 to	 conclude	 that	 surface	 immobilization	 of	 bare	
electrodes,	 to	 antibody	 and	 then	 bacteria	 changes	 the	 resistance	 and	 capacitance	 of	 the	
sensor.	The	charge	transfer	resistance	of	the	SWNT	biosensor	increased	with	the	addition	of	
surface	 immobilization.	From	a	bare	electrode	 in	DI	Water,	 to	antibody	immobilization	and	
bacteria	 immobilization,	 the	charge	transfer	resistance	had	a	 linear	response	and	 increases	
every	 time.	 A	 detection	 limit	 of	 105	 cfu/mL	 was	 observed	 using	 the	 fabricated	 SWNT	
biosensors.	The	preliminary	results	 for	a	 limit	of	detection	 lower	than	105cfu/mL	indicates	






	 Future	work	 is	 required	 for	 the	 results	 seen	 in	 section	3	figure	3.3.	 This	 is	 because	 the	
results	shown	in	this	section	do	not	agree	with	the	results	shown	in	previous	sections	and	is	





change	with	 respect	 to	 resistance	 change	 for	 bacteria	 detection	 however	 this	was	 not	 the	
case.	 The	 resistance	 for	 bacteria	 sensing	 below	 105cfu/mL	 also	 did	 not	 have	 the	 expected	
pattern.		
	 Although	there	was	a	successful	response	from	the	devices	to	the	antibody	immobilization	







would	be	 ideal	where	counting	the	bacteria	cells	 that	are	stuck	to	 the	surface	of	 the	SWNT	








	 The	 main	 goal	 of	 this	 was	 to	 demonstrate	 the	 capabilities	 of	 SWNT	 chemiresistive	
biosensors	and	to	fabricate	a	disposable,	real-time	point	of	care	substrate	that	is	capable	of	
detecting	bacteria.	In	order	to	achieve	this,	successful	fabrication	and	characterization	of	two	
different	 platforms	 was	 required.	 The	 first	 allowed	 for	 the	 effects	 of	 pH	 and	 E.coli	K-12	
sensing	 abilities	 and	 the	 underlying	 sensing	 mechanism,	 and	 the	 second	 was	 the	
commercialization	of	the	SWNT	chemiresistive	biosensor.		
	 Successful	pH	sensing	was	accomplished	using	the	SWNT	disposable	substrate	in	order	to	
confirm	 the	 underlying	 sensing	 mechanism.	 Chemical	 doping	 was	 determined	 to	 be	 the	
dominant	 sensing	 mechanism	 during	 the	 pH	 tests	 of	 bare	 carbon	 nanotubes.	 pH	 testing	
confirmed	 that	 with	 an	 increase	 in	 pH	 levels,	 the	 resistance	 of	 the	 SWNT	 substrate	 also	
increases.		
	 Detection	of	105	cfu/mL	E.coli	K-12	was	also	accomplished	using	the	same	SWNT	portable	
biosensors.	 Antibody	 immobilization	 was	 deemed	 successful	 with	 an	 increase	 in	 charge	
transfer	 resistance	 followed	 by	 a	 successful	 detection	 of	 105	 cfu/mL	 of	 K-12.	 Impedance	
studies	 for	 biosensing	 applications	 have	 proven	 to	 be	 a	 very	 good	 tool	 in	 determining	 the	
effects	 of	 surface	 change	 electrochemically.	 Impedance	 techniques	were	 able	 to	 determine	
change	 s	 occurring	 on	 the	 surface	 of	 the	 SWNT	 almost	 immediately	 via	 electrochemically.	
These	 results	 proved	 that	 the	 sensitivity	 of	 the	 SWNT	 biosensor	 that	 can	 be	 used	 for	 the	
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The	 procedure	 for	 synthesizing	 SWNTTFs	 begins	 with	 the	 preparation	 of	 a	 catalyst	
solution.	 Firstly,	 7nm	 silica	 nanoparticles	 are	 loaded	with	 catalyst	metals.	 This	 is	 done	 by	
dissolving	 50mg	 of	 silica	 powder	 as	 well	 as	 3.0mg	 of	 Iron	 (III)	 acetylacetonate,	 0.7mg	 of	
Molybdenum	 (II)	 acetate	 and	 4.6mg	 of	 Cobalt	 (II)	 acetate	 in	 two	 separate	 vials	 containing	
10mL	of	ethanol.	The	solutions	are	then	sonicated	for	30	minutes	and	then	mixed	together.	
Once	 mixed,	 the	 solution	 is	 sonicated	 for	 an	 additional	 2	 hours.	 Sonication	 at	 this	 time	
promotes	 the	 impregnation	of	 the	catalyst	metals	 into	 the	pores	of	 the	silica	nanoparticles.	
This	 is	 an	 important	 step	 as	 the	 duration	 of	 sonication	 determines	 the	 overall	 how	 well	

















In	 order	 to	 make	 use	 of	 the	 CVD	 grown	 SWNTTFs	 they	 must	 be	 transferred	 onto	 the	
electrode	 array.	 The	 film	 is	 then	 hand	 etched	 into	 2mm	 x	 8mm	 rectangles	 that	 will	 be	
transferred	onto	 the	patterned	electrodes.	As	 the	 films	 are	 grown	on	and	anchored	onto	 a	
2μm	 layer	 of	 SiO2,	 a	 hydrofluoric	 acid	 bath	 is	 capable	 of	 wet	 etching	 the	 oxide	 layer	 to	
facilitate	liftoff.	The	wafer	is	placed	in	a	5%	HF	in	DI	H2O	for	approximately	20	seconds	and	





The	 fabrication	 of	 the	 PET	 based	 devices	 begins	 with	 preparing	 purchased	 glucose	




Figure	A.4:	 Images	concerning	complete	PET	device	 fabrication	 including	a)	purchased	test	
strip,	b)	stripped	from	original	packaging	and	c)	final	device	after	removal	of	acrylic	adhesive	






over	 adhesive	 is	 then	 removed	 by	 rubbing	 the	 electrodes	 in	 an	 ethanol	 bath.	 A	 patterned	
SWNT	 is	 then	 transferred	 into	 the	 region	between	 two	adjacent	electrodes.	The	electrodes	
are	 then	 covered	 with	 an	 acrylic	 adhesive	 (McMaster	 Carr,	 Ltd),	 to	 control	 the	 exposed	
surface	area,	which	can	be	seen	as	the	final	test	strip	prototype	in	figure	A.4(c).		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
